cell functions (1) (2) (3) (4) (5) . These eicosanoid mediators affect T cell proliferation, expression of membrane receptors (Rs), and secretion of diverse cytokines (5). PGE2 preferentially inhibits proliferative and cytokine secretory responses of CD4+ T cells, which exhibit helper functions.
The subset selectivity of PGE2 effects on cytokine generation by CD44 T cells is exemplified by reductions in the secretion of interleukin-2 (IL-2) and interferon-y(IFN-y) by Thi cellsand of IL-3 and GM-CSF by Th 1 and Th2 cells,without effectson IL-4 or IL-5
secretionby Th2 cells(6).The immunosuppressive activities ofLTB4 appear tobe attributable toconcurrentinhibition of proliferation of CD4+ cells and enhancement of proliferation of CD8cells of the suppressor phenotype (7).The most prominent effects of LTB4 on I cell cytokines are increased secretion of IL-2 and IFN-'y by helper T cells, with lesser inhibitionofgenerationoflFN-ybysuppressorTcells (8, 9) .T cells express distinct sets of C-protein-associated receptors for eicosanoid mediators that evoke functional responses, of which the EP2R for PGE2 and the LTB4R are especially prominent (10) (11) (12) (13) .
PGE2 suppresses lymph node entry and egress of lymphocytes by unknown mechanisms (14, 15) . Studies in in vitro models of nonlymphoid tissues have documented diverse effects of PGE2 and LTB4 on human T cell migration, which have included PGE2 suppression of chemotaxis to C5a and of chemokinesis evoked by casein (16) , elicitation of chemokinesis by products of the cyclo-oxygenation of arachidonic acid (17) ,LTB4 stimulationof chemotaxis (18) ,and PGE2 inhibition of migration through monolayers of human umbilical cord venous endothelial cells on nitrocellulose filters by actions on both T cells and endothelial cells (19) . The interpretation of some previous results has been complicated by the heterogeneity of responding T cells and a frequent requirement for high concentrations of PGE2 that act predominantly by elevating the cellular concentration of cyclic AMP and have complex effects on cells other than lymphocytesinthemodel systems. The spontaneous and IL-2-enhanced migration of human blood T cells across a layer of Matrigel, which consists of basement membrane matrix constituents, has recently been shown to depend on the activity of endogenous matrix metalloproteinase-9
(MMP-9), as migration was suppressed by the GM6001 inhibitor of MMPs (20) . LTB4 and PGE2 now are shown to elicit chemotaxis and chemokinesis, respectively, of human blood I cells and T lymphoblastoma cells of the 1To whom correspondence and reprint requests should be addressed. at: Immunology and Allergy, UB8B, Box 0711, University of California MedicalCenter, 533 Parnassus, San Francisco, CA 94143-07 11, USA.
2Abbreviations: PCE2, prostaglandin E2; LTB4, leukotriene B4; LTC4,
DChe,notaas
CtnoIones,s 
6
DCI,e,,,otaxa Log of Relative Intensity of Fluorescence rapidly reversible by a 1,000-fold excess of nonradioactive LTB4, and characterized by a Kd of 204 ± 36 nM (mean ± SEM, n 3) similar to that of the low-affinity subset of human neutrophil LTB4Rs (23) . The specificity of binding of LTB4 by Tsup-1 cells, as determined by the rank order of competitive potencies of 20-OH-LTB4, 6-trans-LTB4, LTC4 and LTD4 (Biomol, Inc.) is also the same as that of low-affinityLTB4Rs of human neutrophils.
MATERIALS AND METHODS

Quantification of migration
Stimulation of Tsup-1 cell migration through
Matrigel by PGE2
and LTB4
PGE2 significantly enhanced the migration of Tsup-1 cells through the Matrigel model basement menibrane (BM) at concentrations of iO M to 10-6 M when presented in both compartments of the chamber at equal concentrations to elicit chemokinesis and when presented as a gradient from the lower compartment to elicit apparent chemotaxis (Fig. 1A) . The principal mechanism by which PGE2 stimulated the migration ofTsup-1 cells through the Matrigel BM appears to be chemokinesis, as maximal mean enhancement of sevenfold was attained at 10 M PGE2 in the absence of a concentration gradient and the magnitude of chemokinesis exceeded that of apparent chernotaxis at all concentrations except 106 M PGE2. At 10-6 M PGE2, an optimally chemokinetic concentration of 10-8 M could be reached in the cell compartment by diffusion from the stimulus compartment (Fig. 1A) . PGE1, which binds to the EP2-type of PGE2R on Tsup-1 cells with an affinity equal to that of PGE2 (11, 21, 26) , had an identical stimulatory effect on chemokinesis through the BM in three additional studies, where mean chemokinetic enhancement of Tsup-1 cell migration by 10-8 M PGE2 was 6.1-fold (P< 0.01), that by 10 M, 10-8 M, and 10 M PGE1 were 2.4-, 6.5-, and 3.0-fold (P< 0.05, 0.01 and 0.01), respectively.
In contrast, 10-8 M to 10-6 M PGF2c, which has less than 0.001 the affinity of PGE2 for the EP2 R (26), had no chemokinetic effect on Tsup-1 migration through the MatrigelBM (Fig. 1A) .
LTB4 enhanced the migration of Tsup-1 cells through the BM almost solely by stimulating chemotaxis significantly at concentrations of 10 .10 M to 10-6 M, with a maximal mean Table  1 .
increase of 14-fold at 10 M and significant chemokinetic stimulation only at 1 .tM (Fig. 1B) . In three additional studies (Fig. 1B) . In separate studies, 10 M LTC4 also had no significant effect on Tsup-1 cell migration (n2).
PGE2 and LTB4 stimulation of Tsup-1 cell migration through growth factor-depleted Matrigel (Collaborative Research product) was statistically indistinguishable from that observed for migration through the original type of Matrigel (n = 3).
PGE2 also enhanced the migration of Tsup-1 cells through micropore filters without Matrigel principally by a chemokinetic mechanism (Fig. 1C) . The stimulation of chemokinesis was significant at 10 M to 10.6 M PGE2 and maximal at 10 M PGE2, whereas the apparent chemotactic response was only significant at 10-8 M and 10 M PGE2 and consistently lower in magnitude than chemokinesis evoked by the corresponding concentration of PGE2 (Fig. 1C) .In contrast, 10 M to 106 M PGF2alpha failed to stimulate a significant chemokinetic or chemotactic response. LTB4 stimulated chemotaxis of Tsup-1 cells through micropore filters without Matrigel significantly at 10 M to 10.6 M, and evoked a maximal response at 10.8 M LTB4 (Fig. 1C) . Only 10-8 M LTB4 elicited significant chemokinesis, which was lower in magnitude than the corresponding chemotactic response (Fig. 1C) . At 108 M to 10.6 M, LTC4 had no effect on Tsup-1 cell migration through micropore filters without Matrigel.
Stimulation of human blood T cell nugration by PGE2 and LTB4
In the absence of a stimulus, 3.1±0.3%
(mean ± SD, n =3) of freshly isolated human blood T cells migrated through micropore filters without a layerof Matrigel after4 h ofincubation. T cell migration was enhanced by PGE2, principally by a chemokinetic mechanism, which reached a maximal level of 7.9 ± 0.4% (P< 0.01) with 10 M PGE2 in both the T cell suspension and buffer compartment below the filter. The primarily chemotactic effect of LTB4 on human blood T cell migration through micropore filters without Matrigel attained a maximal level of 16±2.7% (P< 0.01) at iO M. The migration of human bloodTcells through the Matrigel BM was stimulated chemokinetically by PGE2, with significant responses to iO M to 10 M PGE2 and a maximum response with 10-8 M PGE2 in both compartments (Fig. 2) . Chemotactic migration of T cells through the BM evoked by LTB4 was significant at iO M to iO M, with a peak at 10-8 M LTB4 (Fig. 2) . In the same concentration range, PGF2x, LTC4, and LTD4 had no effects on T cell migration. The effects of PGE2 and LTB4 on blood T cell migration through Matrigel depleted of growth factors (Collaborative  Research) were the same statistically as with the original form of Matrigel (n = 3). semiquantification of MMP-2, 3, and 9 revealed mean increases similar to those after 24 h for 10-8 M and 10-6 M PGE2 (n2), whereas only MMP-2 and MMP-9 were increased by 10-6 M LTB4, but not by 10-8 M LTB4 (n = 2). Neither PGF2a nor LTC4 at the same two concentrations enhanced expression of the MMPs after4or24h.
PGE2 and LTB4
The identities of the MMPs secreted by Tsup-1 cells were determined by zymographic analyses of supernatant media, which showed MMP-2 and -9 with gelatin substrate (Fig. 4) and a very low level of MMP-3 activity with casein substrate (not shown). Zymography documented PGE2-and LTB4-induced increases in secretion of the zymogen, which is activated by detergent during electrophoresis, and the smaller active form of each MMP after 4 h. When secretion of the zymogen and active form of each MMP were quantified together, the increases in MMP-2 and -9 induced by 10 M PGE2 were 1.8-and 1.9-fold, respectively, and by 10.6 M LTB4, 1.4-and 1.9-fold (Fig. 4) . The corresponding increases in the much lower levels of MMP-3 activity evoked by 10.8 M PGE2 and 10.6 M LTB4, respectively, were 3.3-and 5.1-fold. The level of secretion of the smaller form of each MMP, representing the proteolytically activated protease, was enhanced to a similar extent by PGE2 and LTB4 as the parent zymogen. Human CD4+ I cells, isolated by fluorescence-activated cell sorting (7), were incubated under the same conditions as Tsup-1 cells in one study of regulation of MMPs in normal blood T cells. MMP-9 was the predominant activity secreted by CD4 I cells after 4 h, as detected by gelatin zymography, and the zymogen and active form together were increased 2.2-and 1.7-fold by 10 M PGE2 and LTB4, respectively.
In contrast, incubation of the same number of Tsup-1 cells in 24-well plates with a volume of Matrigel identical to that applied to filters in migration chambers increased secretion of MMP-2 and MMP-9 by respective means of only 14 and 19% (n2) .
Western blot analyses of supernatant media showed PGE2-and LTB4-induced increases in secretion of each of the MMPs that were similar in The control levels (100%) of chemokinesis and chemotaxis respectively elicited by 0.1 jiM PGE2 and 10 nM LTB4 without Matrigel were 16.0 ± 1.6 and 17.9 ± 0.8. The control levels (100%) of chemokinesis and chemotaxis respectively elicited by 10 nM PGE2 and 10 nM LTB4 with Matrigel were 17.3 ± 5.9 and 20.8 ± 4.9. Statistical significance is indicated as in Fig. 1 . C5 = 10 M control compound GM2454.
MMP-2 were 3.2-fold, 1.8-fold, and no change, respectively, with PGE2 stimulation, and 5.0-fold, 2.4-fold, and 1.2-fold with LTB4 stimulation.
The larger oligomers and the two presumably cleaved smaller forms of MMP-2, detected by the monoclonal antibody that does not cross-react with MMP-9 (24), have been identified and characterized in other systems (28) . These larger and smaller forms of MMP-2 were not seen in zymographic analyses of Tsup-1 cell extracts, suggesting proteolytic inactivity due to the presence of tissue inhibitor of metalloproteinases and to disruption of the catalytic site, respectively.
In two studies, 10 1g portions ofsome samples of extracts of stimulated Tsup-1 cells were passed over 1 ml columns of sheep IgG anti-MMP-2 coupled to Sepharose. Absorption with polyclonal antibody, but not Sepharose alone, removed more than 90% of the high mol. wt. and low mol. wt. proteins, as well as the 66 kDa MMP-2 detected by mouse monoclonal anti-MMP-2 antibody. Relative increases in the very low cytosolic concentration of MMP-3 in Tsup-1 cells after stimulation with PGE2 and LTB4, as determined from Western blots developed with sheep anti-MMP-3 antibodies, were similarto those of MMP-2 and -9.
Dependence
of PGE2-and LTB4-stimulation of Tsup-1 cell migration through
the BM on MMP activities
The hydroxamic acid dipeptide analog inhibitor of MMP activities, termed GM6001, has been shown to reduce the proteolytic activity of human I cell MMP-2 and -9 (20). GM6001 (1 l.LM) significantly suppressed the chemokinetic responses to PGE2 and the chemotactic responses to LTB4 of both Tsup-1 cells (Fig. 1A and 1B) and human blood I cells (Fig. 2) through the Matrigel BM, whereas the GM2454 inactive peptide control lacking hydroxamic acid had no effect. In contrast, GM6001 did not inhibit the Tsup-1 cell chemokinetic responses to PGE2 or the chemotactic responses to LTB4 through micropore filters without Matrigel (Fig. 1C) . Similarly, the migration of human blood T cells through micropore filters without Matrigel in response to optimal concentrations of 10 M PGE2 (7.9±0.3%, mean±SD, n3) and i0 M LTB4 (16±2.7%) were unaffected by 1 l.LM GM6001 (7.8±1.4% and 16±2.6%, respectively). Analyses of the GM6001 concentration dependence of inhibition of Tsup-1 cell migration through the Matrigel BM revealed that 108 M to i0 M GM6001 inhibited significantly and progressively the optimal chemokinetic response to PGE2 and the maximal chemotactic response to LTB4, whereas 10 M GM2454 had no detectable effect (Fig. 6 ). In contrast, the same range of concentrations of GM6001 did not alter substantially the PGE2-and LTB4-elicited migration of Tsup-1 cells through micropore filters without Matrigel ( At concentrations that inhibited the activity of both MMP-2 and MMP-9, the hydroxamic acid dipeptide analog GM6001, but not an inactive peptide analog, suppressed I cell migration through the BM without affecting viability (20) . to saturate partially the high-affinity EP2 Rs and low-affinity LTB4 Rs (Fig. lA-C, Fig. 2 (Fig. lA-C and Figs. 6) . In contrast, PGE2-evoked chemokinesis and LTB4-elicited chemotaxis through polycarbonate filters lacking a layerof Matrigel were not inhibited by GM6001 (Fig. 1C and Fig. 6 ), which eliminates the possibility of contributions from cytotoxicity or interference with receptors or cellular activities required for migration. Thus, PGE2 and LTB4 appear to evoke migration through the BM by two distinctive mechanisms.
The first is stimulation of intrinsic mobility; the second is augmentation of surface expression and secretion of MMPs, which act to create channnels in the BM required to admit the migrating blood I cells and Tsup-1 cells.
The production and secretion of MMP-1, -2, and -9 by macrophages is dependent on the generation of endogenous PGE2, as demonstrated by concurrent suppression of secretion of MMPs and PGE2 by IL-4 or IL-b, and by the capacity of exogenous PGE2 to restore MMP production fully in the continued presence of a maximally inhibitory concentration of either cytokine (36, 37) . The principal difference in MMP responses of the two types of cells is the lack of effect of exogenous PGE2 alone on MMP secretion by macrophages not adherent to gelatin, whereas I cells had no apparent adherence requirement and free suspension cultures responded with MMP secretion to PGE2 alone. The increase in active MMP-9 evoked in Tsup-1 cells by PGE2 and LTB4, as assessed by densitometric analysis of Western blots (Fig. 5) , was greater than the increase in inactive MMP-9, suggesting the possibility of stimulus-specific activation of MMP-9, but not MMP-2.
Although not yet studied systematically, these preliminary data suggest that concentrations of eicosanoid mediators capable of increasing levels of cellular and secreted MMPs also stimulate proteolytic conversion of the MMP-9 proenzyme selectively to one or more catalytically active forms.
The increased levels of MMPs at the surface ofT lymphocytes arriving to participate in tissue immune and itiflammatory reactions (Fig. 3 , Table 1 ) may subserve functions in addition to facilitation of migration through basement membranes and other matrices.
MMPs cleave specifically the membrane-bound precursor of tumor necrosis factor-a, which is resistant to many other proteases (38) 
